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G-protein-coupled receptor 54 (Gpr54, KISS1 receptor) plays
critical roles in puberty regulation, tumor metastasis suppres-
sion, and vasoconstriction. Bone morphogenetic protein-7
(Bmp7) is required for kidney organogenesis. However, whether
Gpr54 is involved in embryonic kidney development and how
Bmp7expression is regulated in the kidney are largely unknown.
Here we report that Gpr54 deletion leads to kidney branching
morphogenesis and glomerular development retardation in
embryonic kidneys in vivo and in explanted kidneys in vitro.
Gpr54 inactivation results in a high risk of low glomerular num-
ber in adult kidneys. Gpr54 is expressed in condensed mesen-
chymeatE12.5 andepithelial cells of proximal anddistal tubules
and collecting ducts at E17.5 and P0 mouse kidney. Deletion of
Gpr54 decreases Bmp7 expression and Smad1 phosphorylation
in the developing kidney. Using chromatin immunoprecipita-
tion and luciferase assays, we demonstrate that Gpr54 regulates
NFAT2- and Sp1-mediated Bmp7 transcription. Furthermore,
we show that NFAT2 cooperates with Sp1 to promote Bmp7
transcription activation. Together, these data suggest that
Gpr54 regulates Bmp7 expression through NFAT2 and Sp1 and
plays an important role in embryonic kidney branching mor-
phogenesis and glomerular development.

KISS1 gene encodes a premature 145-amino acid protein
that is proteolytically cleaved into polypeptides known as
kisspeptins, including Kp-54 (also called metastin), Kp-14,
Kp-13, and Kp-10 (1–3). KISS1 was originally identified as a
metastasis suppressor in melanoma and breast cancer cells (2,
4–6). Further studies showed that loss of KISS1 gene expres-
sion was correlated with increased metastasis and/or tumor
progression in a wide variety of tumor types, including malig-
nant pheochromocytoma, esophageal squamous cell carci-
noma, bladder tumor, ovarian, gastric, and pancreatic tumors
(7–17). Recently, increased interests of Kisspeptins focused on
their key roles in the regulation of the hypothalamic-pituitary-

gonadal axis during puberty and reproductive development
(18–28). KISS1 peptides are natural ligands of a specific G-pro-
tein-coupled receptor, called Gpr54, KISS1 receptor (3, 28).
G-protein-coupled receptor-54 (Gpr54) is a multifunctional
receptor, playing critical roles in puberty development, vaso-
constriction, and tumor metastasis suppression (6, 25). KISS1/
Gpr54 regulates hypothalamus gonadotropin-releasing hormone
(GnRH) expression, controlling the maturation of hypothalamic-
pituitary-gonadal axis and puberty (25). Mutation or deletion of
Gpr54 causes hypogonadotropic hypogonadism in both human
and mice (18, 23, 29, 30). Previous studies demonstrate that acti-
vationofGpr54bykisspeptin stimulates thephospholipaseC-ino-
sitol 1,4,5-trisphosphate-calcium cascade signaling pathway,
broadly involved in tumormetastasis suppression andGnRHneu-
ron excitation (6, 31). However, the role of KISS1- and Gpr54-
mediated signaling in kidney development is still unknown.
The development of the mammalian kidney commences at

embryonic day (E) 10.5 in mouse through a series of reciprocal
inductive interactions between the Wolffian duct, the ureteric
bud, and the surroundingmetanephricmesenchyme (32–34). Sig-
nals secretedby themetanephricmesenchyme induce theureteric
bud to grow toward and invade the metanephric mesenchyme
followed by dichotomous branching morphogenesis at about
E11.0 (35, 36). Subsequently, mesenchymal cells are induced to
condense around the tip and undergo a mesenchyme-epithelial
conversion to form the renal vesicle (37, 38). With renal vesicle
elongation and division, the vesicles develop into comma-shaped
bodies, S-shaped bodies, and eventually functional nephrons (39,
40). Abnormal kidney branching morphogenesis and glomerular
development lead to a broad spectrum of kidney diseases and
related syndromes, afflicting millions of people per year world-
wide. Severe reduction of branching morphogenesis and nephro-
genesis contribute to the major causes of childhood renal failure
(33). Lownephron number in adults could lead to essential hyper-
tension, chronic kidney disease, and even chronic renal failure
(41).
Bone morphogenetic proteins (Bmps),2 multifunctional

growth factors of transforming growth factor �, play important
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roles in ureteric bud outgrowth, ureteric bud branching, tubule
maintenance, and nephrogenesis (42–44). Bmp7 is required for
proper kidney formation (45, 46). Deficiency of Bmp7 causes
arrest in kidney development after the onset of branchingmor-
phogenesis and nephrogenesis (47). Bmp7 activates type I
receptor, which phosphorylates a receptor-activated Smad
(R-Smad, Smad1, -5, and -8). R-Smads then form heteromeric
complexes with the common-mediator Smad (Co-Smad,
Smad4) in the cytoplasm and translocate into the nucleus
where they interact with other transcription factors or regulate
transcription of various target gene themselves. Smad1 is
expressed in glomeruli, tubules, and collecting ducts in the kid-
ney (46, 48). Bmp7 is expressed in both ureteric epithelium and
mesenchyme of early embryonic kidneys and distal tubules in
later stage (46, 49).Bmp7 expression in the human adult normal
kidney is predominantly localized to the distal nephron (50),
and podocyte-derived BMP7 is essential for nephron develop-
ment (51). A high level of Bmp7 mRNA expression has been
reported in the tubules of the outer medulla, adventitia of renal
arteries, and epithelial cell layer of the renal pelvis and the ure-
ter (52). Previous studies reported that histone deacetylase
isozyme HDAC5 is involved in the regulation of Bmp7 expres-
sion in the proximal tubular cells (53). Retinoic acid and pros-
taglandin E(2) up-regulate BMP-7 protein expression both in
vitro and in vivo (54). An �20-kb surrounding exon 1 of Bmp7
is an enhancer element highly conserved between species (55).
However, the mechanisms of regulating Bmp7 expression in
kidney development are largely unknown.
Here we investigate the roles of Gpr54 in embryonic kidney

branching morphogenesis and glomerular development and
elucidate how Gpr54 regulates Bmp7 expression in the kidney.
Our data indicate that Gpr54 deletion leads to kidney embry-
onic branching morphogenesis defect, glomerular develop-
ment retardation, and high risk of low glomerular number in
the adult kidney. Furthermore, we demonstrate thatGpr54 reg-
ulates Bmp7 expression through the cooperative effect of
NFAT2 and Sp1 in the developing kidney.

EXPERIMENTAL PROCEDURES

Antibodies, Constructs, Reagents, and Mice—Anti-Bmp7
antibody (ab 56023), anti-p-Sp1 (phospho-Thr-453, ab 59257),
and anti-NFAT2 (ab 2796) antibodies were ordered from Abcam
Co. Anti-Sp1 antibody (Upstate�) was kindly provided by Dr.
Stephen H. Safe (Center for Environmental and Genetic Med-
icine, Institute of Biosciences and Technology of Texas A&M
University Health science Center). Anti-Smad1 and anti-
p-Smad1 antibodies (Cell Signaling) were kind gifts of Dr. Xin-
Hua Feng of the Baylor College of Medicine. Anti-KiSS1 and
anti-Gpr54 antibodies were ordered from Santa Cruz. The
overexpression constructs of GFP-RV-DV-HA-NFAT1 (Add-
gene-11100), pREP-NFAT2 (Addgene-11788), pREP-NFAT3
(Addgene-11789), and pREP-NFAT4 (Addgene-11790) were
kind gifts ofDr. JinkeCheng (CardiologyDepartment, TheUni-
versity of Texas M.D. Anderson Cancer Center, Houston, TX).
The pcDNA-Sp1 and overexpression constructs of GPR54-HA
and NFAT2 mutant were made by our laboratory (56). The
pSUPER RNAi SystemTM was ordered from OligoengineTM,
and the GPR54 RNAi construct was made by our laboratory.

Cyclosporin A (57) was ordered from Calbiochem. KISS-1
(112–121) was ordered from California Peptide Research Inc.
Calcineurin autoinhibitory peptide (207001) was ordered from
EMD Chemical Inc. Autokit Micro TP and Autokit Glucose
were ordered from Wako Diagnostic USA. Histostain� plus
(Broad spectrum-DAB) was ordered from Zymed Laboratories
Inc.. Gpr54�/� heterozygous male and female mice (strain
C57BL/6) were obtained from Dr. Eric L. Gustafson at Scher-
ing-Plough Research Institute (58). The genotyping work was
done with primers as previously described (58).
Hematoxylin and Eosin Staining—The extracted kidneys

were paraffin-embedded, and the 5-�m sections were stained
with hematoxylin and eosin as previously described (23). The
data were represented as the mean of five or six individual val-
ues �S.D. in the indicated high performance fields.
Immunohistochemical Staining—The 5-�m paraffin-em-

bedded kidney sections were performed deparaffinization. The
sections were boiled in 10 mM sodium citrate (pH 6.0) for
30�35 min with an intermitted 10-s cooling in the air followed
by cooling at room temperature for 30 min. After washing with
1� PBS (2 � 5 min), the sections were incubated with 1%
hydrogen peroxide for 5 min followed by rinsing with 1� PBS
(2 � 5 min). After blocking with 1% bovine serum albumin for
30min, the sections were incubated with fresh anti-Bmp7 anti-
bodies (6 �g/ml) at 4 °C for overnight. After washing with 1�
PBS (3� 5min), the sections were incubated with fresh second
antibodies for 20 min followed by rinsing with 1� PBS (5 � 2
min). Each section was incubated in 2 drops of horseradish
peroxidase-streptavidin for 10min followed by rinsing with 1�
PBS (3 � 2 min). Then sections were incubated in DAB chro-
mogen mixture of D1 (DAB substrate buffer), D2 (DAB chro-
mogen solution), and D3 (substrate solution) reagents of
Histostain�plus for 3�10min. After three washes with double-
distilled water, the sections were washed with double-distilled
water three times. The sectionswere thenmounted, and images
were taken with ZEISS Axioskop 40 photo microscope. For the
anti-KiSS1, anti-Gpr54, anti-Smad, anti-p-Smad1 immunohis-
tochemistry assays, most procedures were the same as above-
described except for the antibody concentrations (1:100–200
for anti-Gpr54, 1:200–300 for anti-Smad1 and anti-p-Smad1
antibodies).
Glomerular Number Analysis—To estimate the number of

glomeruli of the 6-week-old kidney, the average glomerular
number of five randomly chosen high performance field (HPF,
20�) in the cortex layer of a section was identified as a glomer-
ular number/HPF/section. The average glomerular number of
five continuous third sections of a kidney was identified as a
glomerular number/HPF/kidney. The glomerular number/
HPF of wild type/Gpr54�/� was identified as the average of five
glomerular number/HPF/kidney of wild type or Gpr54�/�,
respectively.
Organ Culture—Kidneys were extracted from E12.5 mouse

embryos and explanted in the extracellular matrix gel mixture
(50% type I collagen, MP Biomedicals) and 50% growth factor-
reduced Matrigel (BD Biosciences) followed by incubation at
37 °C with 5% CO2 for 72 h (35). Genotyping was performed at
the same time, and wild type andGpr54�/� kidneys were used.
The explanted wild type andGpr54�/� kidneys (n � 4 for each
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group) were paraffin-embedded followed by hematoxylin and
eosin staining.
Reverse Transcription (RT)-PCR, Quantitative RT-PCR, and

Quantitative PCR—RNA was extracted with Trizol reagent
(Invitrogen) followed by DNase I (RNase-free, New England
BioLabs�) treatment. The cDNA was synthesized with Molo-
ney murine leukemia virus reverse transcriptase (Promega).
RT-PCR analyses were performed with 30 cycles using the fol-
lowing primers. Mouse Gpr54 and KiSS1 RT-PCR were per-
formed with primers TACATCGCTAACCTGGCTGCCAC
(sense) andATGCTGAGGCTGACAGCCAGGGC (antisense)
and with primers TCCACAGGCCAGCAGTCCGGAC (sense)
and GACTGCGGGAGGCACACAG (antisense), respectively.
Human GPR54 and KISS1 RT-PCR were performed with
primers CGCTGGTCATCTACGTCATC (sense) and GTT-
GACGAACTTGCACATGAA (antisense) and with primers
TGGCAGCTACTGCTTTTCCT (sense) and CAGTAGCAG-
CTGGCTTCCTC (antisense), respectively. Quantitative real
time PCR and quantitative PCR (Q-PCR) were performed in a
Stratagene MX 3000PTM system with RT2 Real-TimeTM SYBR
Green/Rox PCRmaster mix (SuperArray Bioscience). The data
of the Q-RT-PCR/Q-PCR were represented as the mean of
three individual values � S.D.
Chromatin Immunoprecipitation Assay—Chromatin immu-

noprecipitation assay was performed as previously described
with some modification (59). Wild type and Gpr54�/� MEF
cells (2 � 107 cells) were cross-linked with formaldehyde,
quenched with glycine, resuspended in SDS lysis buffer (1%
SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.0, with protease
inhibitors and phosphatase inhibitors), sonicated on ice, and
centrifuged at 4 °C. Supernatant (400 �l) were diluted to a final
volume of 4ml in amixture of 9 parts dilution buffer (1%Triton
X-100, 150 mM NaCl, 2 mM EDTA, 20 mM Tris-HCl, with pro-
tease inhibitors, pH 8.0) and 1 part lysis buffer. Mixtures were
incubated with 4 �g of anti-NFAT2 or anti-p-Sp1 or anti-Sp1
antibodies sample with rotating at 4 °C overnight followed with
incubation with 100 �l of protein A beads with rotating at 4 °C
for 4 h. After gentle centrifugation (2000 rpm), beads were
resuspended in 1ml ofwash buffer (1%TritonX-100, 0.1% SDS,
150 mM NaCl, 2 mM EDTA, 20 mM Tris-HCl, with protease
inhibitors, pH 8.0) and washed with wash buffer 3 times fol-
lowed by one wash with a final wash buffer (1% Triton X-100,
0.1% SDS, 500mMNaCl, 2 mM EDTA, 20mMTris-HCl, pH 8.0,
with protease inhibitors). The immune complexes were eluted
with elution buffer (1% SDS, 100 mM NaHCO3) followed by
incubation with proteinase K and RNase A (500 �g/ml each) at
37 °C for 30min. Reverse cross-linkswere performedby placing
the tubes at 65 °C overnight. Immunoprecipitated DNA was
extracted and dissolved in sterile water. Q-PCR was performed
with RT2 Real-time TM SYBR Green/Rox PCR master mix
(SuperArray) in Stratagene MX 3000PTM machine.
Western Blotting—HEK293 cells were cultured, and the

transfection was performed as previously described. After the
starvation of 10–12 h, the transfected cells were treated with or
without 0.1 �M KiSS1 peptide for 10–12 h. For the cyclosporin
A (CsA) treatment, the transfected cells were treated with 1 �M

CsA or the same concentration of ethanol for 60 min followed
by 10–12 starvation and 0.1 �M KiSS1 peptide or PBS treat-

ment for 10–12 h. Cells were washed with cold PBS for twice,
and the lysates (in radioimmune precipitation assay buffer with
1mMEDTA and proteinase inhibitors) were collected by scrap-
per. The total protein extracts were electrophoresed through a
10 or 12% SDS-polyacrylamide gel and transferred onto polyvi-
nylidene difluoride ImmobilonTM-P membranes. Polyvinyli-
dene difluoride membranes were probed with anti- NFAT2 (1:
500) or anti-Bmp7 (1:500) for 4 h in a cold room, washed in
Tris-buffered saline washing buffer, and incubated with perox-
idase-conjugated secondary antibodies. ECLTM Western blot-
ting detection reagent was used for visualization.
Transfection and Luciferase Assays—The DNA fragment of

�1244 bp � �18 bp of mouse Bmp7 was cloned into XhoI and
HindIII sites of pGL3-Basic vector with primers 5�-CTCGAG-
CTGAGAGACCCAGTATC-3� (forward) and 5�-AAGCTTG-
CACGGCAAGGCTAGCAC-3� (reverse). The DNA fragment
of �136 bp � �18 bp of Bmp7 was cloned into XhoI and
HindIII sites of pGL3-Basic vector as control with primers 5�-
CTCGAGGAGGAGGGAGCTAGGGTTC-3� (forward) and
5�-AAGCTTGCACGGCAAGGCTAGCAC-3� (reverse). Indi-
cated constructions were transfected into HEK293 cells with
CalphosTM Mammalian transfection kit (Clontech), and lucif-
erase activity was measured using the luciferase assay system
(Promega) with Top Count Microplate Scintillation Counter
(Canberra).
Image Acquisition—Images were taken with a Nikon digital

camera and OLYMPUS-inverted microscope. Representative
images were edited on Adobe Photoshop 6.0 software.

RESULTS

Gpr54 Plays a Role in Kidney Branching Morphogenesis—
Kidney branchingmorphogenesis is a keymechanism by which
nephrogenesis develops (35). The mouse metanephric kidney
commences at approximately E10.5, and branching morpho-
genesis starts at about E11.5. The rapid increasing period for
ureteric bud tips inmouse kidney is fromE12.5 to E17.5 with an
estimated 52-fold increase (37, 60). To understand whether
Gpr54 plays a role in embryonic kidney branchingmorphogen-
esis, we examined the size and ureteric bud number of E12.5
wild type and Gpr54�/� kidneys. Gpr54 deletion leads to a
smaller kidney in size (Fig. 1, A and B) and a dramatically
reduced ureteric bud number at E12.5 (Fig. 1, C–E), indicat-
ing that Gpr54 is involved in normal kidney branching
morphogenesis.
Ureteric bud branchingmorphogenesis is controlled by both

intrinsic (cell autonomous) in the kidney and secreted extrinsic
(non-cell autonomous) factors outside the kidney (36). To test
whether the kidney branching morphogenesis defects found in
Gpr54�/� mice are regulated by intrinsic factors in the kidney,
we extracted E12.5 wild type and Gpr54�/� null kidneys and
explanted them in extracellular matrix culture mixtures. After
culturing at 37 °C for 72 h, the explanted kidneys were embed-
dedwith paraffin, and a hematoxylin and eosin staining analysis
was performed. In the explanted wild type kidneys, we found
the existence of the ureteric buds, S-shaped bodies, developing
glomeruli, and glomeruli, indicating that continuous develop-
ment occurs in the Gpr54 wild type kidney in vitro (Fig. 1F).
However, we can only find the ureteric buds, not the S-shaped
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bodies or the glomeruli in the explantedGpr54�/� kidneys (Fig.
1, G and H), suggesting a key for Gpr54 in embryonic kidney-
branching morphogenesis.
Gpr54 Is Involved in Proper Embryonic Glomerular

Development—Early branching morphogenesis maturation
has important effects on the development of S-shaped bodies
and glomeruli. Glomeruli form approximately at E13.5 with a
subsequent increase in number up to 54-fold from E13.5 to
E17.5. Glomerular number increases about 2.5-fold per day
from E17.5 to P0 in mouse kidney (60). To investigate whether
Gpr54 is involved in glomerular development, we analyzed the
glomerular number inwild type andGpr54�/� kidneys at E17.5
and P0. As shown in Fig. 2,A–C, the developing glomeruli is the
majority in the nephrogenic zone, and glomeruli exist in the
cortex layer of E17.5 wild type kidneys. However, the S-shaped
bodies were prominent in the E17.5 Gpr54�/� nephrogenic
zone, indicating that Gpr54 deficiency delays glomerular devel-
opment at E17.5 stage. At P0, developing glomeruli andmature
glomeruli are prominent in wild type cortex layers, whereas
S-shaped bodies and developing glomeruli are prominent in
Gpr54�/� cortex layers (Fig. 2, D–F), suggesting that Gpr54 is
involved in glomerular development at P0 stage. Together, the
above data indicate that Gpr54 plays a role in embryonic glo-

merular development. To trace the
role of Gpr54 in glomerular devel-
opment in adult kidney, we further
examined the glomerular number in
6-week-old wild type andGpr54�/�

kidneys. We observed that 62% of
Gpr54�/� mice (13 of 21 mice) had
smaller kidneys in size and thinner
cortical layers compared to the
same structure in wild type kidneys
(Fig. 2, G and H). The average glo-
merular number in the smaller
Gpr54�/� kidneys was lower than
that of wild type kidneys (Fig. 2,
I–K), suggesting that Gpr54 dele-
tion leads to a high risk of low
nephron number in adult kidneys.
Gpr54 Is Spatially Expressed in

the Developing Kidney—In the RT-
PCR analysis, we found that Gpr54
mRNA is consistently expressed in
E12.5, E17.5, and P0 wild type kid-
neys as well as in explanted E12.5
wild type kidneys (Fig. 3A). To
examine the distribution of Gpr54
protein in the developing kidney, we
performed immunohistochemistry
assays with Gpr54-specific antibody
and found Gpr54 immuno-staining
signals present in the cell mem-
brane of condensed mesenchyme at
E12.5 (Fig. 3, B–D), the epithelial
cells of proximal and distal tubules,
and the collecting ducts at E17.5
(Fig. 3, E–G) and P0 (Fig. 3, H–J)

kidney but not in the Gpr54�/� kidneys at the same periods.
These data indicated that Gpr54 is spatially expressed in the
developing kidneys. Previous studies reported that KISS1 (the
ligand for Gpr54) is expressed in diverse organs such as brain
(61), placenta (62), and ovary (63). Here we found that KISS1
mRNA is consistently expressed in E12.5, E17.5, and P0 wild
type andGpr54�/� kidneys (Fig. 3K) and in explanted wild type
and Gpr54�/� kidneys (Fig. 3L), suggesting that KISS1mRNA
is not affected by the deletion of Gpr54 in the mouse.
Gpr54 Regulates Bmp7 Expression in the Developing

Kidney—Kidney branching morphogenesis and glomerular
development are regulated by sophisticated regulatory net-
works and genes, such as glial cell-derived neurotrophic factor
(GDNF), Lim1, Notch 1, PKD1, WT1, and Bmp7 (64, 65).
Endogenous bone morphogenetic protein-7 (Bmp7) plays a
crucial role in early metanephric kidney development in vivo.
Bmp7 deficiency causes an arrest in branching morphogenesis
and nephrogenesis (37).Bmp7nullmice are born alive butmost
die within 24 h due to renal failure (37). To understand the
underlying molecular mechanism of the retarded branching
morphogenesis and glomerular development defects in
Gpr54�/� mouse kidneys, we isolated the total RNAs from
E12.5wild type andGpr54�/�mutant kidneys and screened the

FIGURE 1. Gpr54 regulates kidney branching morphogenesis. A and B, Gpr54 deletion leads to smaller
kidney size at E12.5. A representative image is shown. C–E, Gpr54 deletion leads to retarded branching mor-
phogenesis in vivo. E12.5 wild type kidney has many ureteric buds (UB) (C), whereas E12.5 Gpr54�/� kidneys
have very few ureteric buds (D). The average ureteric bud number of wild type versus Gpr54�/� was 4.2 � 0.75
ureteric buds versus 0.3 � 0.5 ureteric buds/HPF (20�) (E). F–H, Gpr54 deletion results in retarded branching
morphogenesis and glomerular development in vitro. E12.5 wild type (WT) and Gpr54�/� kidneys were
extracted and explanted in extracellular matrix gel mixture for 72 h followed by hematoxylin and eosin stain-
ing. F, s-shaped bodies (SS), developing glomeruli (DG), and glomeruli (GL) are presented in the explanted wild
type kidney. G, ureteric buds were found in the explanted Gpr54�/� kidneys, but not S-shaped body, develop-
ing glomeruli or glomeruli. H, shown is a significant decrease in the number of developing glomeruli and
glomeruli with an increase in the number of ureteric buds in Gpr54�/� kidney compared with wild type.
Ureteric bud number/HPF in WT versus Gpr54�/� kidney was 3.2 � 0.7 versus 4.8 � 0.7; S-shaped body number/
HPF in WT versus Gpr54�/� kidney was 1.6 � 0.5 versus 0; developing glomeruli and glomerular number
(developing glomeruli � glomeruli)/HPF in WT versus Gpr54�/� kidney was 3 � 0.6 versus 0. The data are
represented as the mean of four or five individual values � S.D. **, p � 0.01; ***, p � 0.001. Scale bar � 100 �m
in Chen et al. (77) and 10 �m in C–G.
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gene expression profiles of the above listed genes by RT-PCR.
Interestingly, the expression of Bmp7 mRNA is significantly
decreased in E12.5 Gpr54�/� mouse kidneys compared with
wild type (Fig. 4, A and B). To determine whether Gpr54 regu-
lates Bmp7mRNA expression in developing kidneys, we exam-
ined the expression levels of Bmp7mRNA at E12.5, E17.5, and
P0 wild type andGpr54�/� mouse kidneys with real-time PCR.
Our data indicate that Bmp7 mRNA expression decreased in
Gpr54�/� kidneys compared with that in wild type kidney at all
developmental stages (Fig. 4B). To determine the regulation of
Bmp7 at the protein level, we further examined Bmp7 protein
expression using immunohistochemistry analysis with specific
anti-Bmp7 antibody. As shown in Fig. 4, C–H, deletion of

Gpr54 significantly decreased the
protein expression levels of Bmp7 at
different developmental stages of
Gpr54�/� embryonic kidneys.
Because Bmp7-activated recep-

torswill induce the phosphorylation
and activation of Smad1, we further
investigated whether Gpr54 dele-
tion regulated Smad1 phosphoryla-
tion using immunohistochemistry
analyses with anti-Smad1 and anti-
p-Smad1 antibodies. We demon-
strate that Smad1 phosphorylation
is decreased in E17.5 and P0
Gpr54�/� kidneys compared with
wild type (Fig. 4, I–L). There was no
difference in the total Smad1 pro-
tein expression between wild type
and Gpr54�/� kidneys (data not
shown). Taken together, these data
indicate that Gpr54 regulates Bmp7
expression in the developing kidney.
Gpr54 Regulates Bmp7 Expres-

sion through NFAT2—Activation of
Gpr54 by KISS1 peptide stimulates
an intracellular phospholipase
C- inositol 1,4,5-trisphosphate-cal-
cium cascade via activation of G�q
(6, 31), suggesting that Gpr54 may
induce a calcium-dependent down-
stream signaling pathway. NFAT
transcription factors are seques-
tered in the cytosol in an inactive
hyperphosphorylated form. Intra-
cellular Ca2� release leads to cal-
cineurin activation, NFAT dephos-
phorylation, and the translocation
of dephosphorylated NFATs to the
nucleus where they regulate target
genes (66). NFATc1 (NFAT2), not
NFATc2 (NFAT1) or NFTAc3
(NFAT4), plays a key role in G-pro-
tein-coupled receptor agonist-in-
duced NFAT-DNA binding and cell
proliferation (67). Previous data

showed that NFAT2 is expressed in the nephrogenic zone in
vesicles, ureteric buds, S-shaped bodies, and glomeruli of
embryonic kidneys (68). To understand the molecular mecha-
nism of Bmp7 regulation by the Gpr54-Ca2�-signaling path-
way, we examined whether Bmp7 can be regulated by the tran-
scription factor NFAT, the downstream target of Gpr54-Ca2�

signaling. First, we searched the upstream3-kb region inmouse
Bmp7 promoter region (see the Ensembl genome browser and
Genomatix databases) and found four conserved potential
NFAT binding sites (Fig. 5A). Then we investigated the binding
affinity betweenNFAT2 and the four potential NFAT2 binding
regions of the Bmp7 promoter by CHIP assays with anti-
NFAT2 antibody and Q-PCR. Our data indicate that region 3

FIGURE 2. Gpr54 is involved in embryonic glomerular development. Gpr54�/� kidneys exhibited retarded
glomerular development at E17.5 (A–C). A and B, developing glomeruli (DG) in the nephrogenic zone and
glomeruli (GL) in the cortex layer were found in E17.5 wild type kidneys, whereas S-shaped body (SS) was found
in the nephrogenic zone of E17.5 Gpr54�/� kidneys. C, developing glomeruli and glomeruli number (DG�GL)/
HPF in wild type (WT) versus Gpr54�/� kidneys was 7.8 � 0.8 versus 0.4 � 0.5. S-shaped bodies/HPF in WT versus
Gpr54�/� kidney was 3.4 � 1.1 versus 8.2 � 0.8. D–F, Gpr54 deletion leads to retarded glomerular development
at P0. A representative image shows that the developing glomeruli and mature glomeruli are the prominent in
nephrogenic zone of P0 wild type kidneys (D), whereas S-shaped bodies (SS) and developing glomeruli (DG) are
the majority in P0 Gpr54�/� nephrogenic zones (E). F, developing glomeruli and glomerular (DG�GL)/HPF in
WT versus Gpr54�/� kidney was 5 � 0.7 versus 1.4 � 0.5. S-shaped body number/HPF in WT versus Gpr54�/�

kidney was 1.8 � 0.8 versus 5 � 0.7. Gpr54 deletion increases low glomerular number risk in adult mouse
kidneys. G and H, �62% Gpr54�/� kidneys (13 of 21 mice) displayed a thinner cortex layer (arrow) compared
with that of wild type at 6 weeks (6 W) postnatal. I–K, shown is the average glomerular number/HPF in wild type
(WT) versus Gpr54�/� kidney with a thinner cortex layer was 23.8 � 0.8 versus 18.4 � 1.1. The glomerular
number was counted as described under “Experimental Procedures.” Black circles show the glomeruli. The data
are represented as the mean of five individual values � S.D. *, p � 0.1; **, p � 0.01; ***, p � 0.001. Scale bar �
10 �m in (A–E), 150 �m in (G and H), and 40 �m in (I and J).
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(containing the fragment from�1159 bp to�1265 bp) showed
a high binding affinity with NFAT2, whereas region 1 and
region 2 showed almost no binding affinity, suggesting that
NFAT2 binds to the region 3 of Bmp7 promoter (Fig. 5, B–D).
Because NFAT2 is a calcium/calcineurin-dependent transcrip-
tion factor and Gpr54 signaling regulates intracellular calcium
release, it is possible that Gpr54 deletionwill suppress the bind-
ing affinity between calcium-dependent NFAT2 and the Bmp7
promoter. To test this hypothesis, we compared the binding
affinity between theNFAT2 and region 3 of theBmp7promoter
in wild type andGpr54�/�MEF cells and found that deletion of
Gpr54 significantly decreased the binding affinity between
NFAT2 and the region 3 in Bmp7 promoter in Gpr54�/� null
MEF cells (Fig. 5E), suggesting that Gpr54 regulates the binding
of NFAT2 to the promoter region of Bmp7. To further examine
whether NFAT2 regulates Bmp7 transcription in kidney cells,
we performed luciferase assays in HEK 293 cells with the Bmp7
promoter region (�234 ��1506 bp) containing region 3
(�1159 � �1265 bp). Our data indicate that NFAT2, not
NFAT1, NFAT2, NFAT3, or NFAT4, enhanced Bmp7 pro-
moter-induced luciferase activity. To confirm that region 3
contains the NFAT2 binding site, we performed site-directed
mutagenesis and mutated the specific Bmp7 promoter from
GGAAA to GGAGA in the potential NFAT2 site. Our data
indicate that mutation at region 3 of the NFAT2 site signifi-
cantly decreased the luciferase activity compared to the wild

FIGURE 3. Gpr54 is expressed in developing kidney. A, Gpr54 mRNA is
expressed in wild type (WT) developing and explanted kidneys but not in the
Gpr54�/� kidneys (homology, HO). B–J, Gpr54 protein immunostaining sig-
nals are present in cell membranes of condensed mesenchyme (CM) in E12.5
WT kidney (B–D), epithelial cells of proximal and distal tubules (TU) and col-
lecting ducts (CD) in E17.5 (E–G), and P0 (H–J) wild type kidneys but not in
Gpr54�/� kidney at the same periods. UB, ureteric buds; GL, glomeruli. K, KISS1
mRNA is expressed in E12.5, E17.5, and P0 wild type and Gpr54�/� kidneys.
Deletion of Gpr54 had no effect on KISS1 mRNA in the kidneys.

FIGURE 4. Deletion of Gpr54 down-regulates Bmp7 expression and
Smad1 phosphorylation in developing kidney. A, Bmp7 mRNA expression
was decreased in E12.5 Gpr54�/� kidneys. Total RNA was isolated from E12.5
wild type (WT) and Gpr54�/� kidneys, and key genes involved in kidney devel-
opment were examined by RT-PCR. GDNF, glial cell-derived neurotrophic fac-
tor. B, real-time PCR analysis of Bmp7 mRNA expression in E12.5, E17.5, and P0
wild type and Gpr54�/� kidneys is shown. Decreased Bmp7 mRNA expres-
sions were observed in E12.5, E17.5, and P0 Gpr54�/� kidneys compared with
wild type kidneys. C-H, Gpr54 deletion leads to decreased Bmp7 protein
expression in E12.5, E17.5, and P0 kidneys. Immunohistochemistry staining
was performed in E12.5, E17.5, and P0 wild type and Gpr54�/� kidneys with
anti-Bmp7 antibody. C and D, detectable Bmp7 immunostaining was found in
ureteric buds (UB), metanephric mesenchymal cells (CM), and the epithelial
cells of collecting buds (CD) in E12.5 wild type kidneys but not in E12.5
Gpr54�/� kidneys. E and F, Bmp7 is expressed in the epithelial cells of proxi-
mal and distal tubules (PT and TU) and collecting ducts (CD) in E17.5 wild type
kidneys. GL, glomeruli. Bmp7 immunostaining was significantly decreased in
Gpr54�/� kidneys. G and H, Bmp7 is expressed in the epithelial cells of proxi-
mal and distal tubules (TU) and collecting ducts (CD) in P0 wild type and
Gpr54�/� kidneys. I–L, immunostaining of phosphorylated Smad1 (p-Smad1)
in E17.5 and P0 kidney is shown. p-Smad1 was decreased in the epithelial cells
of proximal and distal tubules (TU) and the collecting ducts (CD) in E17.5
Gpr54�/� kidneys (J and L) compared with wild type kidneys (I and K). Scare
bar � 10 �m. Arrows show detectable Bmp7 or p-Smad1 immunostaining.
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type Bmp7 promoter, suggesting that region 3 is an NFAT2
specific affinity binding site (Fig. 5F, stars). To investigate the
effects of KISS1/GPR54/NFAT2 on Bmp7 expression, we over-
expressed GPR54 and NFAT2 in HEK293 cells with or without
KiSS1 treatment together with calcineurin-specific inhibitor
CsA. We found that CsA inhibited the up-regulation effects of
KiSS1/Gpr54/NFAT2 (Fig. 5G, last column). Furthermore, we
found GPR54 and KISS1 are expressed in HEK293 cells (data
not shown), and down-regulation of GPR54 by GPR54 RNAi

decreased Bmp7 expression in
HEK293 cells (Fig. 5H). Together,
these data indicate that Gpr54 regu-
lates Bmp7 expression through the
transcription factor NFAT2 in the
kidney.
Gpr54 Regulates Bmp7 Tran-

scription via Sp1—Elevation of
intracellular Ca2� level triggers
diverse signal transduction net-
works by activating calcium-depen-
dent pathways, such as Ca2�-
calmodulin-dependent kinases and
phosphatases (69). Previous studies
reported that calcium/calcineurin
enhance the activity of transcription
factor Sp1 on p21WAF1/CIP1 expres-
sion in keratinocyte cells (70). Sp1
regulates the expression of many
target genes by binding to the
G-rich elements, such as GC-box
(GGGGCGGGG) and the related
GT/CACCC-box (GGTGTGGGG)
(71). Phosphorylation or dephos-
phorylation of Sp1 can regulate tar-
get genes in either a positive or neg-
ative manner (72). To examine
whether Gpr54 regulates Bmp7
transcription by Sp1 protein in
developing kidneys, we analyzed the
upstream 3-kb area of mouse Bmp7
promoter and found 22 potential
Sp1 binding sites (Fig. 6A). To test
the potential functional Sp1 binding
regions in the Bmp7 promoter and
examine whether phosphorylation
of Sp1 is necessary for the binding
affinity, we examined the binding of
Sp1 to the 1-kb upstream region of
Bmp7 promoter, which contains 14
potential Sp1 binding sites, by CHIP
assay with anti-Sp1 (for both phos-
phorylated and non-phosphory-
lated Sp1), anti-p-Sp1 antibodies,
and by Q-PCR in wild type MEF
cells. Our data indicate that Sp1
binds to region 1 (�763� �916 bp)
and region 2 (�588 bp � �784 bp)
with relatively high affinity but with

little binding affinity to region 3 (�147 � �345 bp) and region
4 (�1� �122 bp), indicating that regions 1 and 2 are the poten-
tial Sp1 binding regions in Bmp7 promoter. Region 2 showed
relative stronger binding affinities than region 1 with Sp1 (Fig.
6,B andC). Interestingly, we found that the phosphorylated Sp1
showed no binding affinity to all four regions (Fig. 6, B–E),
suggesting that the non-phosphorylated Sp1 is the active Sp1 to
bind to Bmp7 promoter. To further investigate if Gpr54 plays a
role in Sp1-regulated Bmp7 transcription, we performed CHIP

FIGURE 5. Gpr54 regulates NFAT2-mediated Bmp7 transcription. A, shown is the gene structure of mouse
Bmp7 mBmp7 (NP_031583). Black boxes represent coding exons, and gray boxes represent non-coding exons.
Arrows show the 5� to 3� direction. Sequences are potential NFAT transcription factor binding sites in the 3-kb
Bmp7 promoter region. Boldface sequences of GGAAA are the minimal binding sites for NFAT2. Regions 1–3
show three investigated regions containing the presented sequences in the CHIP and Q-PCR assays. B–D,
region 3 of Bmp7 promoter shows relative high binding affinity to NFAT2 by CHIP assays with anti-NFAT2
antibody in MEF cells followed by Q-PCR. IgG was used as a control, and the relative binding affinity was
expressed as percent of the input. E, Gpr54 deletion decreased the binding affinity between NFAT2 and the
region 3 of Bmp7 promoter in Gpr54�/�MEF cells. F, NFAT2 enhanced Bmp7 transcriptional activity in luciferase
assays is shown. Gray boxes in the promoter represent NFAT binding region 3. The indicated constructs were
co-transfected into HEK293 cells followed by luciferase activity analyses. NFAT2, but not NFAT1, NFAT2, NFAT3,
or NFAT4, increased Bmp7 promoter-induced luciferase activity. Bmp7 promoter region 3 mutation (*, GGAAA
was mutated to GGAGA) decreased luciferase activity. G, overexpression of GPR54 and NFAT2 together with
KISS1 (Kisspeptin-10 (Kp-10)) treatment increased Bmp7 expression in HEK293 cells, whereas calcineurin/NFAT
signaling-specific inhibitor CsA inhibited these enhanced effects. H, GPR54 was knocked-down by shRNA in
HEK293 cells at mRNA (top panel, left) and protein levels (top panel, right). Down-regulation of Gpr54 decreased
Bmp7 expression in HEK293 cells (bottom panel). GAPDH, glyceraldehyde-3-phosphate dehydrogenase. I, cal-
cineurin inhibitor decreased the expression of Bmp7 in HEK293 cells. Data represent three individual repeats �
S.D. **, p � 0.01.
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and Q-PCR assays with region 2 in wild type and Gpr54�/�

MEF cells. Our data demonstrated that deletion of Gpr54 signifi-
cantly decreased the binding affinity between Sp1 and Bmp7 pro-
moter inGpr54�/� MEF cells (Fig. 6F). To confirm that Sp1 reg-
ulatesBmp7 transcription in kidney cells, we performed luciferase
assays inHEK 293 cells and found that Sp1 significantly increased
Bmp7 promoter induced luciferase activity (Fig. 6G).
NFAT2 Cooperates with Sp1 in Regulating Bmp7 Expression—

Previous studies reported that NFAT2 associates with Sp1 in a
calcineurin-dependent manner in HEK293 cells (70). NFAT2
cooperates with Sp1 in mediatingMT1-MMP (membrane type
1 matrix metalloproteinase) transcription in glomerular mes-
angial cells (73). To examine whether NFAT2 cooperates with
Sp1 in Bmp7 transcription regulation, we performed luciferase

assays with NFAT2, Sp1, and Bmp7
reporter in HEK293 cells. We found
that NFAT2 increased the Sp1-me-
diated Bmp7 promoter luciferase
activity, suggesting that NFAT2
cooperates with Sp1 to regulate
Bmp7 transcriptional activation
(Fig. 6G). Furthermore, we found
that coexpression of NFAT2 and
Sp1 increased Bmp7 expression
using Western blotting assays (Fig.
6H). Together, all the above data
suggest that Gpr54 regulates Bmp7
transcription through NFAT2 and
Sp1 transcription factors in the
kidney.

DISCUSSION

We demonstrate that Gpr54
(KISS1 receptor) plays a role in kid-
ney-branching morphogenesis and
embryonic glomerular develop-
ment, expanding the understanding
of the biological functions of Gpr54
to kidney development. For the first
time, our data provide a molecular
mechanism to show that a G-pro-
tein-coupled receptor regulates the
expression of Bmp7, a key regulator
for proper kidney formation (Fig. 7).
These findings shield light to the
previously unknown Gpr54 roles in
kidney development and in the reg-
ulation of Bmp7 expression.
More than 10 years ago Jena et al.

(45) found that Bmp7 was critical
for kidney development. Numerous
studies have demonstrated the
expression patterns of Bmp7 and its
downstream signaling pathways in
the developing kidney. Although
Wnt is one of the upstream candi-
dates that regulate Bmp7 transcrip-
tion (55), the signaling pathways

that regulate Bmp7 expression are largely not understood (37,
46). Our studies revealed that NFAT2 and Sp1 are two tran-
scription factors involved in Bmp7 transcription regulation.
Activation of Gpr54 by KISS1 leads to intracellular Ca2�

increase and the activation of the Ca2�-dependent phospha-
tase, calcineurin, which dephosphorylatesNFAT2 and Sp1 pro-
teins in order to promote their binding activities. Dephosphor-
ylated NFAT2 and Sp1 proteins can bind to the promoter
regions of Bmp7 and regulate Bmp7 transcription (Fig. 7).
These findings provide new insights into the upstream signals
that regulate the expression of Bmp7, which is critical for kid-
ney development.
Beside the crucial function of the calcium-dependent NFAT

signaling in immune system, NFAT is also essential for the

FIGURE 6. Gpr54 regulates Bmp7 transcription through Sp1 and NFAT2. A, Sp1 binding sites of mouse
Bmp7 promoter (NP_031583) are shown. Black boxes represent coding exons. There are 22 potential Sp1
binding sites (black line) in the 3-kb area of Bmp7 promoter. Black frames (1– 4) represent the investigated
regions in CHIP assays. Sequences are shown in the GC/GT boxes. Arrows show the 5� to 3� directions. B–E, Sp1,
not phosphorylated Sp1, binds to the Sp1 regions of Bmp7 gene in our CHIP assays with anti-Sp1 and anti-p-
Sp1 antibodies in wild type MEF cells followed by Q-PCR. IgG was used as a control, and the relative binding
affinity was expressed as percent of the input. Phosphorylated Sp1 showed almost no binding affinity to the
indicated regions. Regions 1 and 2 showed the relative high binding affinity between Sp1 and Bmp7 promoter.
F, deletion of Gpr54 decreased the binding affinity between Sp1 and the region 2 of Bmp7 promoter. G, Sp1
increased Bmp7 promoter induced luciferase activity and addition of NFAT2 enhanced the Sp1 activity. Gray
boxes represent NFAT2 binding region 3 (in Fig. 5). H, Sp1 and NFAT2 overexpression enhanced Bmp7 protein
expression (lanes 2 and 3). Cotransfection of NFAT2 and Sp1 has additive effect on Bmp7 expression (lane 4).
Data represent three individual repeats � S.D. **, p � 0.01.
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development of many diverse organs, such as kidney (66, 68).
NFAT transcription factors are sequestered in the cytosol in an
inactive hyperphosphorylated form. Ca2� release leads to acti-
vation of Ca2�-dependent calcineurin, which can dephosphor-
ylate NFATs. Dephosphorylated NFATs can translocate to the
nucleus where they regulate target genes (66). NFATc1
(NFAT2), but not NFATc2 (NFAT1) or NFTAc3 (NFAT4), is a
calcium-signaling-dependent transcript factor and plays a role
in G-protein-coupled receptor agonist-induced NFAT-DNA
binding and cell proliferation (67). NFAT2has been reported to
regulate the development of glomeruli through directly binding
to the minimal consensus promoter sequence of GGAAA (68,
74). In our studies we demonstrate that Gpr54 plays a role in
embryonic kidney branching morphogenesis and glomeruli
development through NFAT2. Our previous studies have
shown that activation of Gpr54 by KiSS1 leads to the activation
ofG�q- phospholipaseC� and an increase of intracellularCa2�

(6), which can activate Ca2�-dependent calcineurin. Therefore,
Gpr54-regulated calcium/calcineurin can dephosphorylate and
activate NFAT2 to regulate the expression of Bmp7, a key sig-
naling molecule in embryonic kidney development (Fig. 7).
Previous evidences show that non-phosphorylated Sp1

always associates with rapid cell growth (75). Calcineurin
enhances Sp1-induced gene transcription in keratinocytes (67,
76). Many studies show that phosphatases can promote Sp1
binding to DNA by dephosphorylating Sp1 protein (72). Here
we demonstrate that non-phosphorylated Sp1 effectively binds

to the Bmp7 promoter in CHIP assays and deletion of Gpr54
leads to decreased binding affinity of Sp1 and decreased Bmp7
expression. In addition, we elucidate that NFAT2 cooperates
with Sp1 in mediating Bmp7 transcription in kidney cells.
These data indicate that activation of Gpr54 increases intracel-
lular Ca2� and leads to activation of Ca2�-dependent phospha-
tase calcineurin and de-phosphorylation of Sp1 in regulating
Bmp7 transcription in developing kidney.
Kidney branchingmorphogenesis, S-shaped body formation,

and glomerular development are all important phases of nor-
mal glomeruli number formation at birth (78, 79). Disruption of
these processes leads to a series of diseases, such as rare hered-
itary syndromes, primary hypertension, and chronic kidney
failure (41). Here we demonstrated that the KISS1-activated
G-protein-coupled receptor Gpr54 (KISS1R) regulates embry-
onic kidney development and morphogenesis. Deletion of
Gpr54 leads to retarded kidney branching morphogenesis and
embryonic glomerular development and a high risk of low
nephron number in adult kidneys, suggesting that Gpr54 inac-
tivation could be a previously unreportedmechanism of kidney
pathogenesis.
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